The role of cerebral depolarizations in focal cerebral ischemia is unknown. We therefore measured the direct current (DC) electrical activity in the cortex of Wistar rats subjected to transient occlusion of the middle cerebral artery (MCA). Focal ischemia was induced for 90 min by insertion of an intraluminal filament to occlude the MCA. To modulate cell damage, we subjected the rats to hypothermic (30°C, n = 4), normothermic (37°C, n = 4), and hyperthermic (40°C, n = 6) ischemia. Controlled temperatures were also maintained during 1 h of reperfu sion. Continuous cortical DC potential changes were measured using two active Ag-AgCl electrodes placed in the cortical lesion. Animals were killed I week after isch emia. The brains were sectioned and stained with hema toxylin and eosin, for evaluation of neuronal damage, and calculation of infarct volume. All animals exhibited an initial depolarization within 30 min of ischemia, followed by a single depolarization event in hypothermic animals, and multiple periodic depolarization events in both norFocal cerebral ischemia evokes multiple electro physiological alterations in the affected tissue, among which are microscopic cellular events: redis tribution of ionic species Nedergaard, 1988) , membrane electrical de polarization, and release of excitatory amino acids (Kocher, 1990; Gill et aI., 1992). In addition, mac roscopic multicellular coordinated events, such as cortical depolarization, which includes spreading Abbreviations used: DC, direct current; ECA, external carotid artery; H&E, hematoxylin and eosin; lCA, internal carotid ar tery; MCAo, middle cerebral artery occlusion; SD, spreading cortical depression.
mothermic and hyperthermic animals. Hyperthermic an imals exhibited significantly more (p < 0.05) DC potential deflections (n = 6.17 ± 0.67) than normothermic animals (n = 2.75 ± 0.96). The ischemic infarct volume (% of hemisphere) was significantly different for the various groups; hypothermic animals exhibited no measurable in farct volume, while the ischemic infarct volume was 10.2 ± 12.3% in normothermic animals and 36.5 ± 3.4% in hyperthermic animals (p < 0.05). A significant correlation was detected between the volume of infarct and number of depolarization events (r = 0.90, p < 0.001). Our data indicate that body temperature has a profound effect on the number of ischemic depolarization events, and isch emic cell damage after transient MCA occlusion, and suggest a role for ischemic depolarizations in mediating ischemic cell damage. Key Words: Focal cerebral isch emia-Electrical depolarization-Spreading depres sion-Rat-Brain. cortical depression (SD), have been reported during focal cerebral ischemia (Gill et aI., 1992) .
The role of ischemic depolarizations in focal ce rebral ischemia is unknown. There is, however, in direct evidence that ischemic depolarizations may contribute to ischemic cell damage (N edergaard and Astrup, 1986; Nedergaard, 1987; Gill et aI., 1992) . Although SD itself does not damage the brain under normoxic conditions (Bures et aI., 1974, Neder gaard and Hensen, 1988) , SD is associated with pathological events, such as a major alteration of cerebral blood flow (Kocher, 1990 , Gill et aI., 1992 . Under ischemic conditions, as the energy supply is severely compromised, SD may provoke an accu mulation of intracellular Ca 2 + and, consequently, cause cell death (Gill et aI., 1992) . Thus, SD may contribute to ischemic cell damage, and SD is not simply an isolated electrical dysfunction secondary to focal ischemia.
In light of the cellular dysfunction associated with ischemic depolarization and its possible role in me diating ischemic cell damage, we tested the hypoth esis that the number of ischemic depolarization events occurring during focal cerebral ischemia is proportional to the extent of ischemic cell damage. Tissue damage as a result of focal cerebral ischemia is sensitive to body temperature perturbations. Re duction in body temperature during focal cerebral ischemia results in a reduction in cerebral infarct size (Morikawa et aI., 1992; Chen et aI., 1992a; Ridenour et aI., 1992; Baker et aI., 199 1) . Con versely, a mild increase in body temperature evokes an increase in infarct size (Chen et aI., 1991) . We therefore performed transient middle cerebral ar tery occlusion (MCAo) under conditions of hypo thermia, normothermia, and hyperthermia to mod ulate the extent of the lesion and to measure the temporal characteristics of ischemic de pol ariza tions. We demonstrate that there is a direct corre lation between the number of ischemic depolariza tions during ischemia and the extent of tissue dam age.
MATERIALS AND METHODS
A total of 14 male Wistar rats (27�300 g) were divided into three groups: normothermia (n = 4), hypothermia (n = 4), and hyperthermia (n = 6). All animals were fasted overnight before the MCAo procedure, but allowed free access to water. Anesthesia was induced with 5% halo thane mixed with 30% O2 and 70% N20 and maintained with 1 % halothane administered with a face mask. Arte rial cannulation was performed for blood gas sampling. MCAo was induced by insertion of an intraluminal fila ment, 18.5-19.5 mm in length, into the extracranial inter nal carotid artery (ICA) to block the origin of the MCA (Nagasawa and Kogure, 1989; Zea Longa et aI., 1989; Chen et al., 1992a) . The right common carotid artery was exposed and the external carotid artery (ECA) and ICA were carefully dissected free. A 4-0 nylon surgical suture, with its tip rounded in open flame, was introduced through a small puncture into the ECA lumen. The suture was then gently advanced into the ICA lumen until it occluded the origin of the MCA. The length of the suture required to occlude the MCA was determined empirically based on the animal's body weight.
All animals were subjected to a 90 min period of MCAo. Reperfusion of the MCAo was accomplished by withdrawal of the suture to the point of ECA insertion.
A rectal thermometer was used to monitor the core temperature. For the normothermia study, the core tem perature was maintained at 37.0 ± 0.2°C using a water heating pad. Hypothermia (30.0 ± 0.2°C) was achieved by evaporation cooling, induced with surface application of 70% alcohol and a fan. Hyperthermia was achieved by using both a water heating pad and an infrared heating lamp to maintain the animal core temperature at 40.0 ± J Cereb Blood Flow Metab, Vol. /3, No.3, 1993 0.2°C. MCAo was initiated after the animal core temper ature stabilized at the predetermined value (30, 37, or 40°C) for 30 min. Hypo-or hyperthermia was maintained for the entire MCAo period and 1 h after reperfusion. The animal was then allowed to recover to its normal temper ature, which typically required 30 min. The brain temperature was not measured during the experiments, so as not to provoke mechanical stimulation and SD by the insertion of a microthermocouple. The relationship between the brain temperature and a core temperature was reported in a previous study using an identical model (Chen et aI., 1992a) .
DC potential recording
Ag-AgCI wire electrodes were used in all animals. Cor tical direct current (DC) potential changes in the MCAo hemisphere were recorded with respect to a reference site in the contralateral hemisphere. A midline incision was performed to expose the skull, and three burr holes were made without damaging the underlying dura. The loca tions of the burr holes were as follows: for the two active electrodes, 3 mm posterior and 2 or 5 mm lateral to the bregma, respectively; and for the reference electrode, 3 mm anterior and 2.5 mm lateral to the bregma. The Ag AgCI electrodes, made from Teflon-coated silver wire (Ag5T, Medwire, Mount Vernon, NY, U.S.A.), were in serted into the epidural space through the burr holes. The burr holes and the electrodes were then sealed in position with cranioplastic cement (Plastics One, Roanoke, VA, U.S.A.). The electrodes were allowed to stabilize for at least 30 min in each animal before the ischemia started.
The two channels of the DC electric signals were pro cessed with high input impedance (> 1 ,000 MO) pream plifiers and subsequently DC amplified in a frequency range of �1O Hz (Gould, Inc., Cleveland, OH, U.S.A.). The amplified analogue outputs were recorded on a mul tichannel chart recorder (Gould, Inc.).
Histopathological evaluation
All animals were anesthetized with ketamine (44 mglkg) and xylazine (13 mglkg) 1 week after the reperfusion of the MCA. The brains were removed, following transcar dial perfusion with heparinized saline and 10% buffered formalin. Each brain was cut coronally into seven 2 mm blocks with a rodent matrix. The coronal sections were processed and embedded in paraffin for histological eval uation. Six micron thick sections were stained with he matoxylin and eosin (H&E). An Imagist-2 image analysis system (PGT, Princeton, NJ, U.S.A.) was used to mea sure the area of infarct within each coronal section. The volume of the infarct was calculated by integrating the infarcted area of each coronal section and the section thickness. The ipsilateral hemisphere volume was deter mined using a similar procedure, by integrating the area of the hemisphere within each coronal section and the section thickness. The percentage of the infarcted volume with respect to the hemisphere volume was calculated to normalize the data.
Statistical analysis
Kruskal-Wallis tests were used to compare the time from MCAo onset to the first DC potential deflection, the number of DC potential deflections, and the ischemic in farct volume between the three temperature groups. An overall test was performed for each variable. An overall test was considered significant if the p value was <0.05. lithe overall test was significant, then pairwise tests were performed to determine which groups differed.
The correlations between the variables were analyzed using Spearman's p (a nonparametric correlation coeffi cient). p values <0.01 were considered significant. Figure 1 shows representative recordings of the cortical DC potential from animals subjected to MCAo concurrent with hypothermia, normother mia, or hyperthermia. A total of 56 DC potential deflections were observed in all animals subjected to ischemia at various temperatures; among them, all but three were recorded during the MCA oc cluded period. The three exceptions were recorded within 5 min of reperfusion of the MCA. No DC potential baseline shift was observed upon initiation of and during 1 h of reperfusion. Table 1 summarizes the time of the first occur rence and the average numbers of DC potential de flections, the average time interval between two consequential DC potential deflection events, and the ischemic infarct volumes in all groups.
RESULTS
The time of first DC potential deflection peaks occurred significantly earlier in the hyperthermia group than those in the normo-and hypothermia groups (p < 0.05). In the hyperthermia animals, the first potential deflection peaks occurred within 1 min after the MCAo onset, while in the normo-and hypothermia animals the time was as late as 20-30 min. The waveform of the first DC potential deflec tions usually differed from subsequent ones in all experimental groups (Fig. 1) . The initial deflection was accompanied with an overall DC potential shift, which did not return to the predeflection level.
The peak DC potential deflections at the two cor tical sites occurred with a time difference ranging from close to zero (simultaneously) up to 1 min. The deflection usually occurred earlier at the electrode placed 5 mm lateral than that at 2 mm lateral to the bregma.
In the hypothermia group, the animals experi enced only a single episode of DC potential deflec tion. In contrast, multiple DC potential deflections were observed in both the normo-and hyperthermic animals (Fig. 1) . Figure 2 shows a significant corre lation between the animal body temperature and the number of DC potential deflection events (r = 0. 87, p < 0.00 1). The average number of DC potential deflections was significantly higher in the hyper thermia animals than in the normothermia animals (p < 0.05).
The extent of ischemic cell damage differed sig nificantly between the three groups. Figure 3 shows representative coronal H&E-stained sections from animals subjected to MCAo at different body tem peratures. The animals in the hypothermia group exhibited minimal ischemic cell damage, limited to isolated focal cellular necrosis in the striatum, and no measurable infarct volume (Fig. 3a) . In the nor mothermia and hyperthermia groups, a clearly de marcated infarct volume was observed. The isch emic lesion encompassed mainly the striatal tissue in the normothermia group (Fig. 3b) , and both stri atal and cortical tissue in the hyperthermia group (Fig. 3c) . The volumes of infarct in all three groups were significantly different from each other (
Representative DC potential recordings from three animals subjected to 90 min of MCAo concurrent with hypo-, normo-, and hyperthermia. The curves were recorded from electrodes placed 3 mm posterior and 5 mm lateral to the bregma. Cross bars represent time breaks. 
0.05).
A strong correlation was found between the volume of infarct and body temperature (r = 0.95, p < 0.000.
The relationship between the numbers of DC po tential deflections and the volume of infarct in all groups was plotted in Fig. 2 . A strong correlation was detected between the ischemic infarct volume and the number of DC potential deflections (r 0.90, p < 0.000.
DISCUSSION
In the present study, we continuously recorded DC potential changes before, during, and after 90 min of MCAo. Our data demonstrate that the num bers of DC potential deflections observed during 90 min of focal cerebral ischemia is highly correlated to the size of the cerebral infarct measured 1 week after MCA occlusion. Periodic cerebral depolariza tion events occurred, with a frequency similar to that reported by Nedergaard and Astrup (1986) in brain after permanent MCAo, induced by open skull bipolar coagulation of the MCA, and at a higher frequency than that recently reported by Gill et al. (1992) . The DC potential deflection exhibited irregular shapes. In many cases, the onset was not clearly defined; therefore, the exact duration of the DC potential deflections and the lag time between the onset of DC deflection cannot be quantified. Epidurally placed Ag-AgCI wire electrodes may not be the optimum choice for DC measurements. The epidural electrodes do not allow a quantitative measurement of the amplitude of the DC potential changes in cortex, compared with the convention ally used invasive glass microelectrode technique. On the other hand, by placing the wire electrodes epidurally, we minimized the possible complication of mechanically inducing spreading depression dur ing measurement. More importantly, the flexibility of the wire electrodes allowed us to perform con tinuous recording of the DC potential before, dur ing, and after the MCAo, as the experimental pro cedure required the animal body to be repositioned several times. In comparison, data from studies that employed micromanipulator-positioned glass elec trodes were obtained with a delay of at least 10 min after the onset of MCAo and likely missed the initial DC deflection (Gill et aI., 1992) .
A time difference was observed between the two channels recording DC potentials. In contrast to that observed in an earlier study using the same animal model (Chen et aI., 1992b) , this time differ ence was small. The decrease in time interval is likely attributed to both electrodes located in the ischemic area. The data from this study further con firmed that multiple depolarization events occurred during the ischemic insult. With no accurate infor mation about the position of the depolarizing source, the speed of the propagating wave cannot be calculated.
The initial DC deflection exhibited some unique features when compared to subsequent depolariza tions. The initial voltage peak occurred in all ani mals in concert with an overall DC potential shift, which did not return to baseline level. The initial peak was the only one observed in all of the hypo thermic animals. It is well established that hypo thermia suppresses or completely inhibits the oc currence of SDs, but has no effect on anoxic depo larization (Bures et aI., 1974) . Our data thus suggest that the initial DC deflection event during the MCAo is caused by anoxic depolarization rather than by SD. Anoxic depolarizations were also ob served by Gill et al. in their bipolar coagulation MCAo model. Since the data during the first 15 min after MCAo onset were not recorded in their study, they found anoxic depolarization in only some of the animals (Gill et aI., 1992) .
In most animals, brain depolarizations or signifi cant DC potential shifts during reperfusion were not observed during reperfusion. Thus, re-establish ment of cerebral blood flow and reconstitution of ionic gradients do not provoke electrophysiological changes that give rise to depolarization events.
The temperature of the animal during ischemia has a profound effect on the outcome of the isch emic insult. Several possible mechanisms have been proposed to interpret this effect. Decreased brain temperature reduces the demand for energy, and thus may reduce damage caused by the energy failure during the ischemic insult (Hagerdal et aI., 1975; Nilsson et aI., 1975; Folbergrova et aI., 1992) . Hypothermia can reduce or even completely inhibit the release of glutamate and dopamine (Busto et aI., 1989), both of which have been associated with the postischemic neuronal damage. Hyperthermia has been found to increase the ischemic infarct volume (Baker et aI., 199 1; Chen et aI., 1991; Ridenour et aI. , 1992) , possibly due to an increase in excitatory amino acids within the tissue (Globus et aI., 1991) or to failure of metabolic recovery upon reperfusion, as reported in a global ischemia model (Chopp et aI., 1988) . The effect of ischemic depolarizations on isch emic cell damage has not been fully explored. Ne dergaard and Astrup (1986) observed repetitive SDs during rat brain permanent MCAo. By altering the serum glucose level of the animals, they were able to manipulate the frequency of the SDs. Their data suggest that an increased frequency of SD is asso ciated with an increased severity of ischemic cell damage (Nedergaard and Astrup, 1986; Neder gaard, 1987) . Gill et ai. (1992) used the NMDA an tagonist MK-80 1 to block SDs, and reported a re duced infarct volume as the frequency of SDs was reduced. Although our study was not designed to determine whether SD enhances ischemic cell dam age, it does, however, confirm the relationship be tween the ischemic depolarization and ischemic cell damage, and underlines the question of the poten tial mediating role of SD or ischemic depolarization in tissue damage after stroke.
In summary, the current study quantitatively links the number of ischemic depolarization events during ischemic insult with the ischemic infarct vol ume. The data suggest that the ischemic infarct vol ume is closely related to the number of ischemic depolarizations. Temperature modulations have nu merous physiological and biochemical effects on tissue, and the strong correlation between the num ber of ischemic depolarizations and the extent of ischemic lesion need not reflect a causal relation ship. However, our data suggest the possibility that depolarizations may contribute to cell damage.
